Introduction
Nitroimidazolic compounds play an important role in chemotherapeutic applications due to their well-known antibacterial activity 1,2 and more recently due to their successful 25 use as radiosensitizers in radiation therapy, 3, 4 as well as their emerging application as agents for imaging hypoxia in tumours by positron emission tomography (PET). 5, 6 Additionally, nitroimidazolic compounds have attracted interest due to their potential use as energetic materials, such as, explosives or 30 propellants 7-9 due to the presence of the −NO 2 nitro functional group known as 'explosophore'. Despite being employed in chemotherapeutic applications, little is known about their fundamental properties, which becomes even more crucial due to the potential ecotoxicity through bioaccumulation in hospital 35 sewage water. [10] [11] [12] Gas-phase studies of nitroimidazoles are limited to the pioneering photoelectron spectroscopy (PES) work by Kajfež et al. on 4(5)-nitroimidazole and methyl-nitroimidazoles, 13 followed by a PES and mass analyzed kinetic energy spectra (MIKE) study 40 of 4(5)-nitroimidazole by Jimenez et al., 14 and a recent nanosecond energy resolved spectroscopy study by Yu. 7, 8 Recently, the first mass spectrometry study on nitroimidazolic radiosensitizers and related nitroimidazolic compounds investigated the formation of radical anions, which is believed to 45 be a key step in the radiosensitization. 15 Subsequently Tanzer et al. showed that methylation of nitroimidazole at the N1 site completely blocks the rich chemistry induced by the attachment of low energy (< 2 eV) free electrons. 16 These reports highlight the importance of fundamental knowledge of the physical and 50 chemical properties of these compounds in order to progress applications of nitroimidazoles as radiosensitizers in tumour radiation therapy or as future explosive materials. The present study adds to this fundamental knowledge by focusing on the fragmentation of negative and positive ions of 2-nitroimidazole 55 and 4(5)-nitroimidazole ( Figure 1 ) using low-and high-energy Collision-Induced Dissociation (CID) and Electron-Induced Dissociation (EID) by two different mass spectrometry techniques in conjunction with the use of DFT calculations.
While low-energy CID (usually in a sub-eV range) that 60 requires multiple collisions, thus termed a 'slow heating' process, leads to the dissociation of the ion through vibrational excitation, high-energy CID (in a keV range) and EID (> 20 eV) involve a single collision leading to an electronically excited state of the ion as well as possible coupling to its vibrational states. Thus, the 65 combination of these techniques can give complementary structural information on gas-phase ions.
purchased from Aldrich (98%) and Alfa Aesar (97%), respectively. 4-nitroimidazole (2a) and 5-nitroimidazole (2b) are annular tautomers that differ in the position of H atom on either of the two N atoms within the nitroimidazole ring. The tautomeric equilibrium favors 4-nitroimidazole in the crystal 5 structure. 5-nitroimidazole is most stable in the gas phase, 17 however, both tautomers have been recently observed in the gas phase at nearly equal levels. 
Ion trap LTQ-FT mass spectrometry (low-energy CID)
All experiments were carried out on a Finnigan-LTQ-FT (Thermo, Bremen, Germany) mass spectrometer equipped with an electrospray ionization (ESI) source 19, 20 described in detail elsewhere. 21, 22 Samples were dissolved in methanol and then 20 introduced to ESI source of the mass spectrometer via direct infusion using the factory supplied syringe pump operating at a flow rate of 5.0 µL/min. Typical ESI conditions used were: spray voltage, 3.0 -5.0 kV, capillary temperature, 250 -330 o C, nitrogen sheath pressure, 5 -30 (arbitrary units). The capillary 25 voltage and the tube lens offset were tuned to maximize the desired peak. The injection time was set using the automatic gain control function. The LTQ-FT mass spectrometer consists of: (i) Linear ion Trap (LTQ); (ii) ion transfer optics; and (iii) FT-ICR mass analyzer. For the tandem mass spectrometry experiments, 30 the desired ions produced via ESI were mass selected, trapped in the LTQ and subjected to CID at a He bath gas pressure of ca. 5 x 10 -3 Torr. CID was carried out by mass selecting the desired ions with a 1.8 m/z units window and subjecting them to the following typical conditions: normalized collision energy 40 % (RF 35 amplitude, 100 % = 5 V), activation (Q) 0.25, and activation time of 30 ms. In order to minimize background noise, the CID conditions used for [M+H] + of 4(5)-nitroimidazole were: selection window of 1.5 m/z, normalized collision energy 50 % and activation time of 1 ms. For high-resolution mass analysis, 40 the ions were transferred via the ion optics transfer region (~ 2 x 10 -7 Torr) into an FT-ICR cell at a pressure below 1.5 x 10 -9 Torr. The FT-ICR cell is supplied with low energy electrons produced by an indirectly heated emitter cathode located downstream of the FT-ICR cell. The energy of electrons is given 45 by the potential difference between the emitter cathode with ECD offset of -4.2 V and the grid positioned in front of the cathode, which is variable. Ions were bombarded with 21 -31 eV electrons at current of 0.03 mA for 30 ms.
Double focusing mass spectrometry (high-energy CID)
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The high energy CID scans have been carried out on a commercial double-focusing 2-sector-field mass spectrometer (VG ZAB2-SEQ) in reverse Nier-Johnson geometry. 23 Ions were produced by electron bombardment at incident energies of about 70 eV for cation measurements and at low (~ 1.5 eV) energies for 55 anion measurements. The nitroimidazole sample was purchased from Sigma Aldrich (stated purity of 97%) and was heated in an oven to typical temperatures between 360 K and 375 K. The oven was directly placed in front of the ion source in the ion source chamber. Subsequently, the ions were accelerated to 6 keV, 60 momentum-selected by the magnetic sector and subjected to collisions with either ambient air or helium (99.9999%) at variable pressure in the field free region. The resulting ions were energy-selected by the electric sector and detected by a channel electron multiplier (Dr. Sjuts, Germany).
Without introducing air or helium in the field free region the metastable decay of the parent cation was investigated. For the two most abundant product ions we calculated the Kinetic Energy Release (KER) of the reaction by the following formula:
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Where m 1 denotes the mass of the parent and m 2 and m 3 respectively the masses of the fragments. The charges of the fragments (in our case 1) are denoted by x and y and V is the acceleration voltage (6 kV). E is the corresponding electric sector voltage and in the case of a Gaussian peak shape ΔE is the width 75 of the peak in the MIKE scan (of which the width of the parent beam has to be substracted). See reference 24 for further details.
Molecular modelling
Geometries of nitroimidazoles were optimized at the M062x/6-311+G(d,p) level of theory [25] [26] [27] with the Gaussian-09B01 program 80 package. 28 Frequencies were calculated to confirm that the structures are local minima on the potential energy surface and not transition states. All energies were corrected for zero-point energies. Transition states (TS) for fragmentation pathways were optimised at the same level of theory and basis set. The 85 frequencies of TS were calculated to confirm that the structures are transition states, i.e., local maxima on the potential energy surface. Calculations of the intrinsic reaction coordinates (IRC) connected the TS to reactants and products.
Results and Discussion
Low-energy CID of [M+H] +
The highest Proton Affinity (PA) for the nitroimidazoles is on the nitrogen of the imidazole ring as opposed to protonation on the 5 oxygen of the NO 2 group (Figure 2) . Even though the PA of Figure 3a and 3b, respectively. The three dissociation channels observed for both nitroimidazoles are the loss of the radicals NO 15 NO 2
• (Eq. 3) and the loss of H 2 O (Eq. 4). The energies required for these dissociation channels are summarized in Table 1, Table  2 and Figure 4 .
The CID spectra of 2-nitroimidazole and 4(5) vary in the relative abundance of the formed fragments. While for 25 the 2-nitroimidazole ( Figure 3a ) the dominant dissociation channel is loss of H 2 O (Eq. 4), for the 4(5)-nitroimidazole it is the loss of NO 2
• (Eq. 3, Figure 3b ). The loss of NO bond cleavage while the loss of NO
• involves TS of nitro isomerisation that leads to immediate loss of NO 30 The loss of NO
• is an exothermic reaction by 0.45 eV for 2 nitroimidazole but not for 4(5)-nitroimidazole (+0.01 eV).
The loss of H 2 O from 2-nitroimidazole requires 2.79 eV (see Table 2 and Figure 4 ) that involves 3 TS: transfer of H from N1 to the NO 2 group, rotation of the NO 2 H, and transfer of the + ions as can be seen in Figure 1 . CID of [M+H] + ions of 2-troimidazole is shown in Figure 3a and 3b, respectively. The three dissociation channels observed for both nitroimidazoles are the loss of the radicals NO
• (Eq. 2) and O (Eq. 4). The energies required for these dissociation channels are summarized in Table 1, Table   ( 2) (3) (4) nitroimidazole and 4(5)-nitroimidazole vary in the relative abundance of the formed fragments. While for nitroimidazole ( Figure 3a ) the dominant dissociation nitroimidazole it is the (Eq. 3, Figure 3b ). The loss of NO 2 • requires C−N involves TS of nitro-nitrite isomerisation that leads to immediate loss of NO
• (see Figure 4 ). is an exothermic reaction by 0.45 eV for 2-nitroimidazole (+0.01 eV). nitroimidazole requires 2.79 eV (see Table 2 and Figure 4 ) that involves 3 TS: transfer of H from N1 H, and transfer of the H. While the energy this dissociation channel is comparable to the loss of of 2.76 eV, it is much lower O in the case of 4(5)-nitroimidazole of 3.84 eV. The spectrum of 2-nitroimidazole may protonation to be on the oxygen of the NO 2 group, (Figure 4a) , however, the TS was found to be very high in energy of 3.85 eV relative to starting structure 85
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however the PA on this oxygen is 0.73 -0.7 eV lower than on the suggested protonation of 1-methyl-5-group due to the observed loss of H 2 O ion, however this was not the case The possible explanation for the observed high abundance of the decomposition channel leading to nitroimidazole (Figure 3a ) is due energy CID, where ion activation occurs via multiple, discrete, low-energy collisions and thus leads n. Thus, due to the low energy barrier of 1.03 eV and the rotation of the of 1.73 eV may lead to an increased population (III) (see Figure 4a ) which will facilitate the proceed through loss of H 2 O with decreased barrier of 1.73 eV. This is not the same case for 4(5)-nitroimidazole (Figure 4b ), where the barrier from the respective (IV) for the loss of H 2 O is still quite high with considered the loss of NO • from 2-(III) (Figure 4a) , however, the TS was found to be very high in energy of 3.85 eV relative to starting structure c The fragment ion C2H3N2 + has not been observed in the EID of proton the loss of CO lead to dissociation into more than 2 fragments. The value given is a sum of energies of the products. This dissociation channel is a consecutive loss of NO • and then CO, thus values for 4-nitroimidazole and 5-nitroimidazole present energies of transition respectively, and the sum of energies of the products.
has not been observed in the EID of protonated 2-nitroimidazole in comparison to 4(5)-nitroimidazole. The transition state for the loss of CO lead to dissociation into more than 2 fragments. The value given is a sum of energies of the products. 
EID of [M+H]
+ EID of 2-nitroimidazole and 4(5)-nitroimidazole is shown in Figure 5a and 5b, respectively. The Figure 5c shows the electron ionization mass spectrum of 4(5)-nitroimidazole (recorded VG ZAB2-SEQ at an electron energy of ~70 10 The EID spectra show more extensive fragmentation than the Cite this: DOI: 10.1039/c0xx00000x
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EID spectra of ESI generated [M+H] + of (a) 2-nitroimidazole at electron energy of 21 eV; SEQ electron ionization mass spectrum of 4(5)-nitroimidazole is shown in Figure 5a and 5b, respectively. The Figure 5c shows the electron nitroimidazole (recorded on the electron energy of ~70 eV) for comparison. The EID spectra show more extensive fragmentation than the •+ . # is an artefact. 20 low-energy CID spectra shown in Figure 3 , with a number of new channels being observed as discussed below. Notably, the spectra differ for the 2-nitroimidazole and 4(5) compounds, the loss of H • radical is observed forming the radical 25 cation M •+ (Eq. 5).
[ energy CID spectra shown in Figure 3 , with a number of new channels being observed as discussed below. Notably, the spectra nitroimidazole and 4(5)-nitromidazole. For both radical is observed forming the radical
The loss of H • radical requires > 5.01 eV, see Table 2 . The loss of the H
• radical in the EID of protonated ions has been observed earlier for aromatic amino acids and has been suggested to take place through an electronically excited state of the aromatic side chain that couples to the dissociative state. 30 The 5 cation M •+ is likely to be formed in an excited state and can undergo further fragmentation. 30, 31 As a consequence spectra closely resemble the electron ionization spectrum with characteristic losses of O, NO
• and NO 2
• . Thus, in the EID of nitroimidazole (Figure 5a) 
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requires > 5.01 eV, see Table 2 . The loss of radical in the EID of protonated ions has been observed earlier for aromatic amino acids and has been suggested to take place through an electronically excited state of the aromatic side
The resultant radical in an excited state and can thus As a consequence, the EID spectra closely resemble the electron ionization spectrum with . Thus, in the EID of 2-nitroimidazole ( Figure 5a ) the loss of O forming an ion at m/z 98 , while the fragment ion at (Eq. 6). Similarly, from the protonated parent ion forms a fragment from the radical cation forms a fragment ion at m/z 83 (Eq. 7). The loss of NO 25 [M+H] + and M •+ leads to fragment ions at respectively. The EID spectrum of 4(5) 5b) appears similar to 2-nitroimidazole, however, there are some notable differences: (i) there is no H nitroimidazole; (ii) there is no loss of NO 30 of 4(5)-nitroimidazole; and (iii) the fragment ion C 55 is observed that is formed from dissociation of the M be seen from comparison of the electron ionization spectrum in Figure 5c . This journal is © The Royal Society of Chemistry [year] 83 (Eq. 7). The loss of NO 2 • from leads to fragment ions at m/z 68 and 67, respectively. The EID spectrum of 4 (5) in Figure 6b and 6c, respectively. The metastable results mainly in loss of (Eq. 7) and further loss of CO forming fragment ion C 2 H 3 N 2 + at m/z 55 (Eq. 8). The successive loss of NO has been proposed by Luijten et al. in the study of nitroimidazoles. 32 The decay peak of C peak shape indicating a rather small KER. Indeed, the calculation 30 of the KER using equation (1) leads to a value of about 200 meV. In contrast, the decay peak for loss of NO exhibits a dished peak structure which is present in c KER. Jimenez et al. 14 reported a large KER of about 0.85 eV (determined from the distance of the two 35 peak structure). The evaluation based on equation (1) + (Eq. 5). Thus, the excitation energy deposited in 70 the high-energy collision is similar to the excitation energy transferred in the collisions with ~ 25 eV electrons. The energies required for the dissociation channels Eqs. 6 in Table 1 , Table 2 and Figure 7 that includes all structures associated with these channels. 
CID and EID of [M−H] −
The low-energy CID of [M−H] nitroimidazole is shown in Figure 8a and 8b, respectively. Only 65 one dissociation pathway is observed due to the loss of NO 11) forming the radical anion at the loss of NO
• is summarized in Table 1 and Figure 9 includ the potential energy diagram and structures associated with the loss of NO The decay peak of C 2 H 3 N 2 + has a Gaussian peak shape indicating a rather small KER. Indeed, the calculation of the KER using equation (1) leads to a value of about 200 meV. In contrast, the decay peak for loss of NO
• from the parent cation exhibits a dished peak structure which is present in case of a high reported a large KER of about 0.85 eV (determined from the distance of the two "horns" of the dished . The evaluation based on equation (1) shows a slightly higher KER of 0.98 eV for the loss of NO • , in agreement with the previous work. Such a high KER for a metastable dissociation reaction is characteristic of an explosive reaction and an energetic material as for example previously observed for the (6) (7) + CO + NO • (8) (9) • (10) shown in Figure 6b shows several new fragments in comparison to the MIKE scan in Figure 6a , loss of O (Eq. 6), NO 2 • (Eq. 9), and the formation of 40. The CID spectra shown were recorded by introducing helium in the field free region; CID using air led to virtually identical spectra. The high-energy CID ure 6c reveals that NO 2 • can be lost either directly (Eq. 9) or from successive loss of O and NO
• (Eq. 10). The successive loss has been suggested by Luijten et al. 32 •+ formed via (Eq. 5). Thus, the excitation energy deposited in energy collision is similar to the excitation energy transferred in the collisions with ~ 25 eV electrons. The energies ssociation channels Eqs. 6 -10 are summarised in Table 1, Table 2 and Figure 7 that includes all structures
− for 2-nitroimidazole and 4(5)-gure 8a and 8b, respectively. Only one dissociation pathway is observed due to the loss of NO
• (Eq. radical anion at m/z 82. The energy required for ed in Table 1 and Figure 9 includes and structures associated with the energy CID of the dehydrogenated 4(5)-nitroimidazole anion is shown in Figure 8c . 
The present results show that irrespective of the nature of the studied, the decomposition of the nitroimidazoles involves nitro functional group −NO 2 in all cases. Notably, similar result has been observed in the fragmentation of charged imidacloprid possessing nitro-guanidine functional group served to be involved in the dissociation Even though, the dissociation of nitroimidazoles varies depending on the nature of the charge, the decomposition channels present in all cases involve loss of NO (Figure 8 ) is . The energies required for these losses are ed in Table 1 . The loss of NO 2 • requires the C−N bond cleavage. The strength of this bond is important in evaluating the stability and sensitivity of energetic materials. 8 The bond dissociation energy is highest for the deprotonated anions [ Figure 9 ) and the fact of the 'slow heating' process in low-energy CID, the loss of NO 2 • has not been observed in the low-energy CID of [ The loss of NO
• involves TS of nitro-nitrite isomerisation with a barrier of up to 3 eV irrespective of the charge state of the nitroimidazoles. The loss of NO
• has been reported to be the major fragmentation channel in the UV decomposition of neutral nitroimidazoles. 7 The barriers for nitro-nitrite isomerisation in 25 neutral 2-nitroimidazole and 4(5)-nitroimidazole have been reported to be 3.36 and 3.93 eV, respectively. 7 Current results are observed in the same energy range (see Table 1 ) however, the barriers for charged species are in some cases substantially lower compared to the neutral ones. The lowest barrier for this 30 dissociation channel is in the case of radical cations M
•+ (see Table 1 
Conclusions
The decomposition of positive and negative ions of 2-nitroimidazole and 4(5)-nitroimidazole was investigated using low-and high-energy CID and EID, and the interpretation of the experimental data was complemented with quantum chemical 40 calculations. Irrespective of the nature of the charge, the decomposition of the nitroimidazoles involves the nitro functional group −NO 2 in all cases, via losses of NO 2 • or NO
• . The decomposition and neutral losses vary depending on the charge state of the precursor ion, however, the loss of NO . The EID spectra differed for the two compounds studied, 2-nitroimidazole and 4(5)-nitroimidazole.
The metastable decay of M •+ was investigated for 4(5)-nitroimidazole and showed a large KER of 0.98 eV for the loss of 60 
NO
• and a smaller KER of 200 meV for the successive loss of NO
• and CO. The high KER for a metastable dissociation reaction is characteristic of an explosive reaction and is important for consideration as an energetic material. These results should be taken into account in the development of nitroimidazole based 65 radiosensitizers in tumour radiation therapy to improve the compounds efficacy and reduce potential harmful side effects during and post radiation.
